The aim of this study was to evaluate the fracture resistance and fracture behavior of monolithic zirconia crowns in accordance with the preparation design and aging simulation method. MATERIALS AND METHODS. An upper first molar was prepared sequentially with three different preparation designs: shoulderless preparation, 0.4 mm chamfer and 0.8 mm chamfer preparation. For each preparation design, 30 monolithic zirconia crowns were fabricated. After cementation on Cr-Co alloy dies, the following artificial aging procedures were performed: (1) thermal cycling and mechanical loading (TCML): 5000 cycles of thermal cycling 5°C-55°C and chewing simulation (1,200,000 cycles, 50 N); (2) Low Temperature Degradation simulation (LTD): autoclave treatment at 137°C, 2 bar for 3 hours and chewing simulation; and (3) no pre-treatment (control group). After artificial aging, the crowns were loaded until fracture. RESULTS. The mean values of fracture resistance varied between 3414 N (LTD; 0.8 mm chamfer preparation) and 5712 N (control group; shoulderless preparation). Twoway ANOVA analysis showed a significantly higher fracture loads for the shoulderless preparation, whereas no difference was found between the chamfer preparations. In contrast to TCML, after LTD simulation the fracture strength of monolithic zirconia crowns decreased significantly. CONCLUSION. The monolithic crowns tested in this study showed generally high fracture load values. Preparation design and LTD simulation had a significant influence on the fracture strength of monolithic zirconia crowns. 
Influence of the preparation design and artificial aging on the fracture resistance of monolithic zirconia crowns
INTRODUCTION
Yttrium-stabilized tetragonal zirconia ceramic (Y-TZP) has proven to be a high-performance material and has found use as a core material for virtually any type of fixed restoration, due to its superior mechanical properties as the result of an inherent transformation toughening mechanism. 1 In comparison to other metal-free core materials for fixed dental prostheses (FDPs), Y-TZP exposes the highest initial and most favorable long-term stability. 2 In addition, Y-TZP presents good biocompatibility and tooth-like optical properties. 3 Analogous to metal-ceramic crowns, zirconia frameworks are veneered with translucent feldspathic or glass ceramic materials for esthetic reasons. In laboratory studies of veneered zirconia single crowns, the reliability was mainly limited to veneer chip-off fractures. 4, 5 In clinical applications, the veneering ceramic has also been revealed to be the weakest link in zirconia-supported reconstructions. A systematic review showed that the frequency of chipping was statistically significantly higher for zirconia-supported FDPs when compared to metal-supported FDPs 6 ; however, there was a strong study effect. Different modifications have been sought to address the problem, both in the firing process and in the technical fabrication of the FDPs. 7, 8 A very simple method to avoid chipping is to omit the veneering porcelain and mill zirconia to full-contour. Several manufacturers offer this approach; they have improved the aesthetics of the zirconia materials mainly by reducing the opacity of the material and by addition of colouring pigments. In addition to improved fracture-resistance, further advantages of this approach compared to conventional zirconia-based restorations can be expected, such as reduction of the technique sensitivity and production costs by automatic designing and milling to full contour using computer aided desing (CAD)/computer aided manufacturing (CAM) technology. It might also be assumed that, by omitting the veneering, a more solid framework can be made and a conservative preparation similar to full-cast metal-alloy restorations can be performed.
For zirconia restorations, different preparation designs have been suggested 3, 9, 10 ; in most cases, a chamfer or a rounded shoulder finishing line with an occlusal reduction of 1.5 mm and axial reduction of 1.0-1.5 mm is recommended. Many contradictory results concerning the influence of preparation design and material thickness on the strength of all-ceramic crowns have been reported. In different studies, no significant differences for the fracture resistance of leucite-reinforced ceramic 11 and glass-infiltrated alumina 12 molar crowns with different preparation designs were found. In contrast, in a study on zirconia frameworks with a wall thickness of 0.4 mm, Beuer et al. 13 indicated significant differences in fracture strength among the different preparation designs. However, the authors decided not to veneer the copings, as they considered it practically impossible to achieve equal veneering layers with standardized dimensions. Vult von Steyern 14 found, in an in vitro study, that the fracture load for aluminum oxide and zirconia-based three-unit FDPs with a shoulder preparation was significantly higher than that of the deep chamfer preparation. However, on full-contour zirconia restorations, there is still a lack of scientific data.
Several concerns regarding the use of monolithic zirconia restorations have been raised in the literature. In addition to the possible high abrasiveness of the non-veneered material toward enamel, 15, 16 a limiting factor could be the aging of Y-TZP, due to its potential sensitivity to Low Temperature Degradation (LTD). 17 For Y-TZP, LTD is a process caused by the progressive spontaneous transformation of the tetragonal phase into the monoclinic phase in the presence of water, 18 which may lead to surface degradation and a decrease in mechanical properties. At present, limited data are available concerning the effects of aging on zirconium dioxide used for oral rehabilitation. [19] [20] [21] [22] In fullcontour restorations, the Y-TZP ceramic is directly exposed to mechanical and thermal stress, as well as to the wetness of the oral environment, so that the excellent initial mechanical properties could be affected in the long-term.
The working hypothesis of this study is that the fracture resistance of monolithic Y-TZP single molar crowns will be influenced by (1) the type of preparation design and (2) the artificial aging procedures.
MATERIALS AND METHODS
All preparation procedures were performed sequentially on an acrylic maxillary right molar (Frasaco, Tettnang, Germany). The initial preparation form was a shoulderless preparation with an occlusal reduction of 0.8 mm. Impressions of the prepared tooth were made with an A-silicone (Adisil Blau, Siladent Dr. Böhme und Schöps, Goslar, Germany). After that, the tooth was prepared with a 0.4 mm chamfer margin, followed by a chamfer preparation with 0.8 mm circumferential reduction and replicas were made. (Fig. 1) The preparation finishing line was marked with permanent marker (Edding 3000, Ahrensburg, Germany) and special care was taken to ensure that the markings remained intact. For the slight chamfer and the chamfer preparation designs, no additional modifications of the occlusal surface were made, except for rounding sharp edges. The preparation angle of the axial walls was set to 8 degrees by means of a parallel milling machine (Degussa F1, DeguDent, Hanau, Germany). The preparation depth and material reduction were controlled by a temporary crown (Protemp 3 Garant, 3M ESPE, Seefeld, Germany) and a crown gauge (Iwarson Gauge, Carl Martin, Solingen, Germany). For each preparation design, the replicas were cast in super-hard plaster (Everest Rock, KaVo, Biberach, Germany) and scanned with a 3D laser scanner (3shape D700, Wieland, Pforzheim, Germany). Crowns with identical contours and uniform cement layer thickness of 50 µm were designed for each preparation form using CAD software (DentalDesigner, Wieland, Germany). To ensure constant thickness of the occlusal walls, a simplified, semi-anatomical occlusal design was chosen (Fig. 2) . The generated data were sent via the Duplicate molds of the plaster dies were made with an addition curing silicone (Adisil Blau) and used to produce wax patterns for each crown design. After the fit of the wax dies to the crowns was controlled, 30 metal dies were cast in Cr-Co alloy (Remanium 800, Dentaurum, Ispringen, Germany) for each type of preparation. The metal dies were embedded in an auto-polymerizing resin (Paladur, Heraeus Kulzer, Hanau, Germany). After being cast, the metal dies were divested and cleaned. The dies were fitted to the crowns by an experienced dental technician using water-cooling with fine and superfine finishing diamond burs (Brasseler, Lemgo, Germany). The precision of fit and marginal adaptation of the crowns were inspected visually and by light-body silicone (Fit Test C&B, Voco, Cuxhaven, Germany). After adaptation, polishing rubber wheels were used (Eveflex Polisher, EVE Ernst Vetter GmbH, Pforzheim, Germany) to smooth out sharp edges and junctions of the metal dies. All crowns were subjected to airborne-particle abrasion with 50 μm aluminum oxide using 0.4 MPa air pressure (Rocatector delta, 3M ESPE ® , Seefeld), cleaned with air-steam and 70% alcohol and conventionally cemented to the metal dies with glass ionomer cement (KetacCem, 3M ESPE) under a static load of 50 N for 10 minutes in a standardized loading device Z1445 (Zwick, Ulm, Germany).
The cemented crowns of each preparation design were randomly divided into 3 groups according to the different pre-loading procedures from the following test protocol:
Group 1: Control group The specimens of the control group (n = 30) were stored dry prior to fracture loading. Group 2: TThermal Cycling and Mechanical Loading (TCML) The cemented crowns (n = 30) were subjected to 5000 cycles of thermocycling at temperatures between 5°C and 55°C. Then, they were mounted in a commercially available dual-axis mastication simulator (Willytech, Munich, Germany) and were subjected to 1,200,000 masticatory cycles of unidirectional antagonist movements with a frequency of 1.2 Hz and an applied force of 50 N. Force was applied with a loading stylus placed on the occlusal surfaces of the crowns alongside the tooth axis.
Group 3: LTD simulation and chewing simulation To simulate the effect of LTD, the crowns from group 3 were subjected to 3 hours of autoclave treatment at 134°C and 2 bar (Siemens Validator, Siemens AG, Bensheim, Germany), corresponding roughly to 10 years under in vivo conditions at 37°C. 23 In total, 90 specimens were loaded until fracture occurred in a universal testing machine (Type 1445, Zwick, Ulm, Germany). The load was vertically applied with a 4-mmdiameter stainless steel ball placed at the center of the occlusal surfaces of the crowns and a crosshead speed of 0.5 mm/min as recommended in previous studies.
3,4,24 A thin (0.5 mm) piece of polyethylene foil (Erkodent, Erich Koop GmbH, Pfalzgrafenweiler, Germany) was placed between the loading piston and the occlusal surface of the specimen to avoid loading stress peaks on the ceramic surface. 13 Fracture was defined as the occurrence of visible cracks in combination with load drops in the stress-strain diagram and acoustic events, and the fracture load was recorded with the appropriate software (TestXpert, Zwick).
Statistical evaluation was performed with SPSS for Windows, Release 17.1 (SPSS Inc., Chicago, IL, USA).
Fracture strength values were positively tested for normal distribution (Kolmogorov-Smirnov test) and equality of variances (Levene test). Differences in means of each group were analyzed by two-way ANOVA. Post-hoc comparisons were performed with the Bonferroni correction. Level of significance was set at 0.05.
A qualitative fractography analysis was performed on selected specimens by standard SEM techniques (Strata DB 235, FEI Company, Hillsboro, OR, USA).
RESULTS
The results of the fracture-loading test are presented as box plots in Fig. 3 . The highest mean fracture loads were observed for the shoulderless preparation: 5712 N (SD, 758) in the control group, 5487 N (SD, 310) for the thermocycled and 4799 N (SD, 499) for the autoclaved specimens. The control group showed the highest standard deviations; the LTD simulation group, the lowest. The lowest mean fracture load of 3414 N (SD, 457) was observed for chamfer preparation after LTD (Table 1) . Two-way ANOVA indicated significant influences of the factors "preparation form" and "pre-loading treatment" on the fracture loads, as well as the correlation between them (P < .001). Post-hoc analysis showed a significantly higher fracture load for the shoulderless preparation, whereas no difference between chamfer preparations was found. In contrast to thermocycling, LTD simulation showed a significant influence on the fracture loads. 
DISCUSSION
The results of this in vitro study confirmed the hypothesis, that the fracture strength of monolithic Y-TZP single molar crowns was influenced by the preparation design and the artificial aging procedure. The reduction of tooth substance for the preparation forms used in this study was considerably less than the manufacturer's recommendations for conventional zirconia-based restorations (1.2 mm circular and 1.5 mm occlusal). A less-invasive preparation design is an important requirement for a modern restoration material. The differences in substance loss are also reflected in the calculated volumes for the 3 different restorations. While the crown, generated for the shoulderless preparation had a volume of 244 mm 3 , for the 0.4 mm chamfer preparation the crown volume was 280 mm 3 and for the 0.8 mm chamfer 298 mm 3 . These values can be transferred to the tooth structure loss, as the occlusal relief, as well as the preparation finishing line were constant and preparations were performed sequentially on the same acrylic molar.
The highest mean fracture loads were observed for the shoulderless preparation. However, the shoulderless preparation cannot be recommended due to periodontal considerations. 25 From this point of view, as increased material thickness did not show a significant impact on loading capacity among the chamfer preparation groups, a minimal invasive preparation design should be determined the optimal choice.
A clear interpretation of the literature results on the influence of preparation design on the mechanical properties of all-ceramic restorations is difficult mainly due to the big variety of experimental settings for fracture strength measurement as well as the used materials. In different studies, the tested all-ceramic crown consisted of a highstrength ceramic framework, veneered with porcelain. In these cases, the effect of the veneering material on the fracture strength of the restorations should be taken into consideration. Furthermore, the manual production of veneer- Fig. 4 . SEM image of a fracture surface: crack origin is on the inner side of the crown.
ing porcelain for identical crowns with standardized dimensions is practically impossible. Using CAD/CAM techniques and the preparation method described in the present work, a more systematic approach is applicable. In this study, the Cr-Co dies were manufactured after the crowns were fabricated. From a clinical point of view, duplicating the prepared abutment in metal and making impressions from the metal dies would be the more realistic approach. However, the present manufacturing sequence and the CAD/CAM production ensured identical geometries for the crowns within the groups.
The final surface treatment of monolithic zirconia restorations is an important issue. Currently, there is a lack evidence-based recommendation regarding the techniques for achieving optimal surface quality. Polishing and glazing are the common methods of creating a smooth surface on ceramic restorations. Polishing zirconia is elaborate and timeconsuming. Only a few methods for polishing zirconia have been suggested in the literature. [26] [27] [28] A polishing kit for dental zirconia ceramics has recently been introduced (Glidewell Laboratories, Newport Beach, CA, USA). Manufacturers recommend a final glazing of the restoration; however, glaze is lost by contact wear with clinical service time, and the effect of surface roughness becomes a self-limiting factor. 29, 30 Different finishing methods have also been reported to have a significant influence on the mechanical properties of zirconia. 31 To have identical specimens the crowns used in this study were tested "as sintered", with no further finishing procedures performed. If necessary, adaptation of the crowns was performed by modifying the metal dies, to avoid machine-induced defects in the ceramic surface.
For all-ceramic crowns, the experimental settings have a significant impact on the fracture strength measured. Rosentritt et al. 32 showed that the fracture resistance of allceramic crowns is dependent on the modulus of elasticity of the supporting material and the periodontal ligament simulation. A significantly higher fracture load was measured for crowns fixed on Co-Cr-Mo alloy materials than for crowns on human teeth. The artificial periodontium also reduced the fracture resistance of the tested all-ceramic restorations. Therefore, natural teeth with artificial periodontium as abutments would have probably resulted in lower values for the fracture strength of monolithic zirconia crowns. In contrast, the use of natural teeth leads to a wider distribution of fracture results and restricts their significance. 32 For that reason, the authors decided to use standardized metal dies to allow a better reproducibility and comparability with existing studies. 13 However, all laboratory studies present limitations, and the results should thus be interpreted carefully.
In a study on zirconia copings with a wall thickness of 0.4 mm with different preparation designs without artificial aging and using the same test conditions, Beuer et al. 13 attained significantly higher fracture strength with the shoulderless preparation. The authors explained the favorable results achieved with the shoulderless preparation by the stress distribution pattern during loading. They assumed that, under increasing load, the crown could slide down the axial wall of the shoulderless die without being limited by the margin. However, the cross-sections of Finite Element Analysis, conducted for the different crown designs could not show any influence of the preparation design on the stress distribution. The maximum tensile stress concentration was on the occlusal surface of the crowns; no differences in stress distribution could be detected for the marginal regions of the different crown designs.
The fracture loads determined by Beuer et al. are far lower than the present results, but still well above the clinically required strength of 1000 N for zirconia. 2 The superior results from the present study could be explained by the different geometry of the monolithic crowns and especially by the 2-fold thickness of the occlusal surface. Therefore, it would be interesting to determine clinically relevant limits for occlusal dimensions, to allow minimally invasive preparation forms.
Different laboratory simulations have been used for pre-clinical investigations of all-ceramic restorations [33] [34] [35] [36] in attempts to predict catastrophic failures. The TCML method used in this study has been widely applied in mechanical testing for simulating approximately 5 years of oral service. In a study estimating the relevance of laboratory simulation on zirconia FPDs, Rosentritt et al. 32 indicated that the explanatory power of this kind of simulation might provide sufficient estimations of the survival rate. In this case, all observed failures were chippings of the veneering ceramics; no framework fractures were determined. In the present study, TCML did not significantly decrease the fracture strength of the zirconia crowns. These results are in accordance with the findings of Senyilmaz et al. 37 on the influence of thermal and mechanical fatigue loading on the fracture resistance of all-ceramic posterior crowns.
The low-temperature aging process can influence different aspects of the long-term clinical performance of monolithic zirconia. The t-m transformation causes a surface uplift, 23 so that the rough surface could lead to increased contact wear during function. Furthermore, microcracking can occur 23, 38 ; the microcracks can grow slowly under mechanical stress, leading to premature critical fracture. For the highly translucent zirconia used for monolithic restorations, microcracking could also lead to aesthetic deterioration. 39 In this study, no signs of surface degradation were detected after LTD and chewing simulation.
One of the main factors affecting the aging phenomenon in Y-TZP is the Yttrium content. High Yttrium dopant content has been reported to increase degradation resistance. 40 Since the material used in this study had high Yttrium content (5 mol%), a low susceptibility to LTD might be expected. However, LTD simulation significantly decreased the fracture strength of the test specimens. This fact underlines the need for long-term clinical studies to assess the clinical performance of nonveneered Y-TZP materials for dental purposes.
